Pulsed laser micro polishing (PLlP) has been shown to be an effective method of polishing micro metallic parts whose surface roughness can approach the feature size. Laser pulse duration in the PLlP process is an important parameter that significantly affects the achievable surface finish. This paper describes the influence of laser pulse duration on surface roughness reduction during PLlP. For this purpose, near-infrared laser pulses have been used to polish Ti6Al4V at three different pulse durations: 0.65 ls, 1.91 ls, and 3.60 ls. PLlP at longer pulse durations resulted in dominating Marangoni convective flows, yet significantly higher reductions in the average surface roughness were observed compared to the short pulse duration regime without convection.
Introduction
Pulsed laser micro polishing (PLlP) is a noncontact surface smoothening process suitable for metallic parts of micro/meso scales. In PLlP, laser pulses of particular pulse duration and power irradiate the surface at regular intervals. Each pulse results in melting, followed by damped oscillations of the melted surface due to the forces of surface tension and viscosity. If the oscillations damp out within the time that the surface is molten (i.e., melt duration, t m ) a smoother surface will result upon solidification [1, 2] .
Continuous-wave (CW) laser polishing has been investigated on macro-scale metal parts [3, 4] with positive results. However, this can result in melt depths and heat affected depths of hundreds of micrometers [5] . This may not be suitable for devices with dimensions measured in tens to hundreds of micrometers. Pulsed laser polishing enables better control of melt depth and the heat affected zone and therefore is suitable for such micro/meso devices.
Past research on laser induced surface modification indicated that reduction of surface roughness is possible at pulse durations less than 200 ns and laser beam diameters of a few hundreds of micrometers [6, 7] . Other studies include laser induced surface finishing of titanium for biomedical devices and implants [8, 9] and microroughness reduction of tungsten films in the IC industry [10] . More recently, Perry et al. [11] [12] [13] have demonstrated that pulsed laser micropolishing (PLlP), with pulse durations of 300 ns and 0.65 ls and a melt pool diameter of 60 lm, is a method by which the surface roughness of microfabricated and micromilled parts can be effectively reduced.
Analytical models are available that describe the dynamics of the melt pool [6, 7] . These models are based on spatial Fourier analysis of the surfaces and examination of the Navier-Stokes equation for each Fourier component. Perry et al. [11] [12] [13] have proposed a critical frequency, f cr which describes the cutoff point in the spatial frequency content of the surface, above which a significant reduction in the amplitude is expected. The critical frequency is a function of the duration of the molten state and is given by:
Recently, the authors have extended the concept of critical frequency to develop an integrated fluid flow and heat transfer model to predict the surface finish achievable by PLlP on a given surface and laser pulse duration [14] . In this model, it is assumed that convection and radiation are negligible compared to conduction. In addition, surface-tension-driven convection, also known as the thermocapillary convection or Marangoni convection, resulting from the temperature gradient of surface tension, is assumed negligible.
The surface topography is transformed into spatial Fourier components. Once molten, these spatial frequency components can be assumed to oscillate like stationary capillary waves. The amplitude, fðf x ; f y Þ of a spatial frequency component ðf x ; f y Þ decays exponentially with time [15] . The amplitude of interest in PLlP is the amplitude of a spatial frequency component at the end of melt duration, t m and is given by:
Equations (1) and (2) show that the surface finish is significantly dependent on the surface melt duration, which is governed by the laser pulse duration and the material properties. With longer laser pulses, the surface of a given material is molten for a longer time. This gives more time for the oscillations to damp out and a smoother finish can be expected.
Nusser et al. [16] recently investigated the influence of pulse durations by comparison of results of pulsed laser polishing on tool steel at long (1.15 ls and 1.25 ls) and short (111 ns and 164 ns) pulse durations. They observed that polishing at longer pulse durations had a higher maximal polishable spatial wavelength.
In the current work, the authors study the effects of laser pulse duration with the aid of PLlP experiments at three different pulse durations viz., 0.65 ls, 1.91 ls, and 3.60 ls. To eliminate the effects of laser beam intensity distribution, the experiments are performed with approximately Gaussian beams. Evidence of Marangoni flows (also known as thermocapillary flows) at longer melt durations is presented and it is shown that greater reduction in surface roughness is achieved than at shorter melt durations. Experiments are carried out on Ti6Al4V alloy surfaces produced using micro end milling. The cross sections of the polished region are imaged to measure the melt depth and the depth of the heat affected zone for each pulse duration, to observe their effects and to derive more knowledge about the process. Ti6Al4V has been chosen because of its wide applications in medical implants [17] [18] [19] [20] .
Experimental Setup and Procedures
Experimental Samples. Only Ti6Al4V alloy surfaces were studied in this work. Micro end milling was used to face the samples using a two-flute, 1 mm diameter tungsten-carbide (WC) tool (Performance Micro Tool, part SS-2-0394-S) at a spindle speed of 40,000 rpm (NSK, model HES-510 high-speed spindle) and 800 mm/min feed rate (HAAS, TM-1 3-axis CNC mill) corresponding to a chipload of 10 lm. The chipload also corresponds to the wavelength of the features created on the surface (Fig. 1) . Water-based metal working fluid was used during this process. A typical surface produced by the process is shown in Fig. 1 . The average surface roughness (for an evaluation area, A e of $0.09 mm 2 [23] ), S a of surfaces produced under these machining conditions is 205.1 6 14 nm and the area peak-to-valley height, is S t of $3.0 lm.
Laser Polishing Equipment. The basic experimental setup is illustrated in Fig. 2 . Two lasers were used for experimentation: (1) a 1064 nm wavelength, 250 W (CW) neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Lee Lasers, Model: 8250MQ) and (2) a 1070 nm wavelength, 200 W (CW) fiber laser (SPI Lasers, Model: SP-200 C-W-S6-A-B). Note that the two lasers are of similar wavelength. It will be shown later in the paper that the two lasers have similar intensity profiles. This eliminates the influence of laser type. The lasers were directed by static mirrors into a scan head (Scanlab hurrySCAN V R 14 mm) to allow for high-speed, two-dimensional scanning at beam velocities of up to 1.5 m/s. The scan head was controlled by a ForeSight control card from LasX Industries and had an f-h objective (Linos f-h-Ronar, Model: 4401-302-000-20/21) with a focal length of 100 mm. A z-axis manual stage was used to adjust the laser beam diameter (i.e., fluence incident on the sample) and to accommodate samples of varying thickness.
Laser Beam Characteristics
Temporal Profiles. Three pulse durations were chosen for the current work: 0.65 ls, 1.91 ls, and 3.6 ls. The temporal characteristics were measured and are shown in Fig. 3 . The profiles of pulses from the fiber laser were measured using an built-in photodiode signal, while those of the Nd:YAG laser were measured using a high-speed photo detector (Newport, model: 818-BB-30). Note that the three temporal profiles are not uniform. Hence, both the full-width-half-maximum pulse duration ðs H Þ and the 10% pulse duration ðs 10 Þ are measured [21] and are shown in Fig.  3 . For this work, only s H is used for theoretical predictions as it is the most commonly used metric. Figure 3 (a) shows the temporal profile for $0.65 ls pulses generated using the Nd:YAG laser in Q-switched mode at a pulse frequency of 4 kHz. Figures 3(b) and 3(c) show the pulse profiles generated by the fiber laser, with pulse durations of $1.91 ls and $3.60 ls, at frequencies of 40 kHz and 25 kHz, respectively. Different pulse frequencies were used because this was necessary (with these lasers) to achieve the desired pulse durations. The temporal pulse profiles were measured at different time instances and were found to be stable with less than 10% error. The power for PLlP was varied using an external beam splitter to ensure no variation of temporal pulse profiles with the commanded laser power.
Intensity Profiles. The beam intensity profiles were measured for the two laser sources and are shown in Fig. 4 . A CCD sensor based YAG Focal Spot Analyzer from Ophir Photonics was used. Figure 4 (a) shows the beam profile of the Nd:YAG laser while that of the fiber laser is shown in Fig. 4 (b). The measured focal beam diameter ðD4rÞ for the Nd:YAG laser is $85 lm and that for the fiber laser is $30 lm [22] . Note that the intensity distribution for both the lasers is close to Gaussian distribution.
Prediction Results
The authors have previously developed a methodology to predict the surface finish achievable through PLlP given the initial unpolished surface geometry, material properties, and the process parameters. It is described in detail in Ref. [14] and is summarized in Fig. 5 . The prediction methodology is employed on the experimental surface to theoretically estimate the effect of laser pulse duration on surface finish. A two-dimensional numerical axisymmetric heat transfer model was used to estimate melt durations needed to compute the corresponding critical frequencies. The time for which the surface is molten depends on the time history (duration) and magnitude of laser pulse energy incident on it. The laser pulse energy in the model, for a given pulse duration, is chosen to be slightly less than that required for ablation. This will ensure that there is no loss of material through ablation and the surface is in the molten state for the longest possible time. This time is called the maximum melt duration, t mÀmax . The estimated maximum melt durations and critical frequencies for the three pulse durations are listed in Table 1 . The roughness of the surface was characterized using average surface roughness metric S a , after filtering the waviness of the surface using a high pass Gaussian spatial filter with a waviness cut-off frequency, f c of 12.5 mm -1 (cut-off wavelength k c ¼ 0.08 mm) [23, 24] . Table 2 shows the predicted polished roughness and percentage reductions in the average surface roughness for the three pulse durations. Figure 6 shows the overlaid plots of the predicted spatial spectra after PLlP for the three pulse durations. It can be seen that longer pulse durations result in smoother surface finish. This is an expected result as longer pulse durations result in longer 
Experimental Results
PLlP was carried out on the sample surfaces at laser pulse durations of 0.65 ls, 1.91 ls, and 3.60 ls. The polishing parameters are documented in Appendix A. For each pulse duration, a variation of laser power was carried out to select the power that results in the highest reduction in S a . The laser beam was scanned to follow a zig-zag (raster) pattern over an area of 1 mm Â 1 mm; the trajectory is shown schematically in Fig. 7 . The laser scan speed (Appendix A) is chosen so that spot overlap is approximately 80% of the melt pool diameter. The line overlap of the raster is chosen to be approximately 50% of the melt pool diameter. The polishing was done in an inert environment, created by a jet of argon flowing parallel to the sample surface, to minimize oxidation and cracking of Ti6Al4V alloy.
The results of PLlP are shown in Table 3 . Average roughness reductions up to 70% were achieved on the experimental samples. Figure 8 shows surface height data of the unpolished and the polished regions (350 lm Â 265 lm) measured using a white light interferometer (Zygo V R NewView TM 6300). A significant smoothening of the surface can be seen. The reader should note that the waviness was only filtered for the computation of S a and that the surface height plots show the unfiltered surface measurement. Moreover, the typical interferometry measurements have surface spikes that are an artifact of the measurement method. These were removed using the software that is resident on the white light interferometer before plotting in Fig. 8 . Figure 9 shows the overlaid two-dimensional spatial frequency spectra of the measured unpolished and the polished surfaces. Figures 9 (a) and 9(b) are the projections of the spectra onto the two vertical planes, corresponding to the frequencies in the x and y directions respectively. Note that the low frequencies corresponding to the waviness were filtered using a high pass Gaussian filter with cut-off wavelength, k c 0.08 mm (f c of 12.5 mm À1 ) [23, 24] . Significant reduction in the amplitudes of the frequency components can be seen, especially at 1.9 ls and 3.6 ls pulse durations. Spectra for all the three polishing conditions effectively remove the high spatial frequency (>100 mm
À1
) components. The amplitudes of the low spatial frequency components (25-100 mm À1 ) polished at 1.91 ls and 3.60 ls are smaller than the corresponding amplitudes polished at 0.65 ls.
Melt Depth and Heat Affected Zone. For the measurement of the melt zone and heat affected zone (HAZ), samples were cut across the polished region, mounted, and mechanically ground. Final polishing was done using 3 lm diamond particle paste on nap cloth. The mechanically polished cross sections were ultrasonically cleaned in ethanol for 1 min followed by chemical etching with a solution of ammonium bifloride (NH 4 HF 2 ) for 1 min. The etched cross sections were observed under an optical microscope, at 500 x magnification. An illustrative schematic of a typical cross section of a laser line scan (into the page) is shown in Fig. 10 . Figures 11-13 show the cross sections of the polished samples. The melt depths, HAZ thicknesses and melt pool diameters were measured and are listed in Table 4 . Note that there is no clear distinction between the melt zone and the HAZ for 0.65 ls polishing (Fig. 11) : only the HAZ depth could be observed and measured. From these measurements, it can be concluded that longer pulse durations result in deeper melt pools. Note that although the HAZ depth from surface (sum of melt depth and HAZ thickness) follows the trend as the pulse duration, the HAZ thickness for 1.91 ls is slightly higher than that of 3.60 ls. This could be because the laser pulse intensity that resulted in the highest reduction in S c for the case of 1.91 ls was closer to the corresponding ablation threshold than the laser pulse intensity for 3.60 ls. This difference in proximity to the ablation threshold might have resulted in slightly higher thermal penetration for 1.91 ls than for 3.60 ls. Figures 14-16 show the overlaid spatial frequency spectra of the theoretically predicted polished surface and experimentally measured polished surface for the three pulse durations, respectively. The predictions of the average surface roughness, S a , are presented in Table 2 . It can be seen that the predicted spectra and S a corresponding to 0.65 ls match closely to the experimental data, while there is a substantial difference in the theoretical and experimental spectra for the other two cases; i.e., 1.91 ls and 3.60 ls. It is also observed that additional features are introduced in the high frequency regions of the spectrum after polishing at 1.91 ls and 3.60 ls (Figs. 15 and 16 ). These high spatial frequency features can also be seen from the surface height plots (Figs. 8(c) and 8(d) ). These features correspond to number of laser pulses incident per mm in the scanning direction and line overlap in the zig-zag scanning pattern (Fig. 7) . The spatial frequencies corresponding to these features were calculated for each case based on the processing parameters (Appendix A) and are listed in Table 5 . Note that these features are absent on the surface polished at 0.65 ls (Fig. 14) . The introduction of these additional features is suggestive of the presence of convective flows (i.e., Marangoni flow).
Discussion
Evidence of convective flows can be drawn from close observation of the cross section images (Figs. 12 and 13) . The magnified images of the cross sections are shown in Fig. 17 . In Figs. 17(a) and 17(b) (cross sections corresponding to polishing at 1.91 ls and 3.60 ls, respectively), a surface ripple can be observed. The frequency of this ripple corresponds to the additional features observed in the spatial frequency spectra (Figs. 15 and 16) . The cross sections also suggest a flow pattern of the molten fluid, moving outwards from the center of the molten pool, resulting in the additional spatial features at the boundary of each melt pool. The formation of such surface ripples is a confirmation of Marangoni flows for materials with surface tension that decreases with increasing temperature. Offline experiments were conducted with and without argon flow to verify that the shielding gas did not contribute to the surface ripple generation.
Marangoni convection is driven by the temperature gradient of surface tension [25, 26] . The laser beam intensity distribution is Gaussian (Fig. 4) and has a steep gradient. This is hypothesized to be the main source of temperature gradient in the melt pool. Although the gradient exists in all the three cases (i.e., 0.65 ls, 1.91 ls, and 3.60 ls), the convective flows dominate only for longer melt durations: for 1.91 ls and 3.60 ls in the current work. At these pulse durations, the convective flows are dominant because of one or both of the following two phenomena: (a) Resistance to fluid flow (viscous forces) decreases with deeper melt pools (Table 4) , caused by longer pulse durations. The surface tension forces resulting from temperature Note: *Could not be identified with the optical microscope. The forces that create Marangoni (thermocapillary) flow are always present if temperature gradients exist on the surface of a melt pool and the material's surface tension is temperaturedependent. Whether or not the flow (displacement of material) is deemed significant depends on the application. While ripples were observed in this work, they were of sufficiently small amplitude that the resulting smoothing on melt pool resulted in lower average surface roughness. Figures 11-13 do not show any evidence of liquid-solid separation at the edge of the melt pool; as such, undercutting does not appear to participate in the formation of the ripples. The pulsed laser polishing in this study is done in the absence of ablation (melting only); therefore, the effect of vapor pressure on melt pool deformation and flow can be ruled out.
The presence of convection is a favorable phenomenon in pulsed laser micro polishing. Operating in the convective regime at longer pulse durations resulted in greater than 70% reduction in the surface roughness: much higher than the regime with negligible convection (Table 3) . Convective flows introduce higher frequency spatial features on the surface and attenuate much lower frequency components than pulsed laser polishing at shorter pulse durations. Within the range of parameters studied, the resulting surface, in the presence of convective flows, is smoother because of the relatively low amplitude of the features that are created. As noted earlier, the theoretical model that was previously developed assumes that convective flows are negligible and that the dynamics of the melt pool are dominated by stationary capillary wavelike oscillations. This is a poor assumption in the cases of 1.91 ls and 3.60 ls and hence a large deviation is observed from the theoretical predictions.
Surface features of wavelengths greater than the diameter of the melt pool cannot be attenuated when surface tension forces dominate (i.e., body forces such as gravity are negligible). The critical wavelength corresponding to 3.6 ls is 18 lm (Table 1) is of the same scale as the beam diameter of 27 lm. Assuming that the concept of a critical spatial frequency (i.e., critical wavelength) is valid, increasing the pulse duration any further for this laser beam diameter would not be expected to further improve the surface finish. However, the critical spatial frequency concept is not valid for the 3.6 ls pulse duration (Table 1) because thermocapillary flow is observed. The critical spatial frequency concept was developed under the assumption of negligible thermocapillary flow.
Conclusions
In the work presented, the effects of laser pulse duration on pulsed laser micro polishing (PLlP) process were discussed. PLlP was carried out on micro end milled Ti6Al4V samples at three different pulse durations, viz. 0.65 ls, 1.91 ls, and 3.60 ls. Longer pulse durations (1.91 ls and 3.6 ls) resulted in smoother surfaces, with up to 70% reduction in average surface roughness, S a .
While the experimental results for 0.65 ls polishing matched very closely with those predicted theoretically, with an error less than 10%, the experimental roughness reduction was much higher than those predicted in the cases of 1.91 ls polishing and 3.60 ls polishing. Analysis of the two-dimensional spatial frequency spectra revealed that at these pulse durations, the attenuation of amplitudes in the low frequency region was much higher than those predicted theoretically. They also showed that additional features were introduced in high frequency regions corresponding to the number of laser pulses per mm. This suggested the possibility of convective flows. Convective flows were confirmed upon close observation of the cross sections of the polished samples, which showed a surface ripple at the same frequency as the number of laser pulses per mm. Although convective flows are also present at smaller melt durations (shorter pulse durations), they are negligible and cannot dominate the capillary wave oscillations in such short melt times. As the theoretical model previously presented by the authors assumes negligible convective flows, the model significantly deviated from the experimental results at longer pulse durations.
An important observation made from the current work is that the presence of Marangoni flows is favorable for PLlP process, as up to 70% reductions in S a were observed at longer pulse durations. Even though additional high frequency spatial features were introduced on the surface, their amplitudes were relatively small and low frequency components were significantly attenuated, resulting in low surface roughness. 
